@ https://ntrs.nasa.gov/search.jsp?R=19660012979 2020-03-03T02:36:50+00:00Z

NASA CR 54820
AGC 8800-52

AERODYNAMIC DESIGN
MODEL 11 TURBINE
M-1 FUEL TURBOPUMP ASSEMBLY

GPO PRICE $

By
T. W. Reynolds

CFST! PRICE(S) $

Hard copy (HC) ; 46

Microfiche (MF) i PS5

Prepared for

t# 853 July 65

National Aeronautics and Space Administration

Contract NAS 3-2555

-
0 o
= (A = (THRWU)
1 g
o
v o A
.

I
k= (PAGES} {(GQDE)
3 . &,
2 55 00
: Op =3
(NASA CR OR TMX OR AD NUMBER) {CATEGORY)

AEROJET ™
GENERAL

AEROJET-GENERAL CORPORATION

SACRAMENTO, CALIFORNIA



NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics

and Space Administration (NASA), nor any person acting on
behalf of NASA:

A.) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, apparatus,
method or process disclosed in this report may not
infringe privately owned rights, or

B.) Assumes any liabilities with respect to the use of,
or for damages resulting from the.use of any infor-
mation, apparatus, method or process disclosed in
this report.

As used above, ‘‘person acting on behalf of NASA’ includes
any employee or contractor of NASA, or employee of such con-
tractor, to the extent that such employee or contractor of NASA,
or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment
or contract with NASA, or his employment with such contractor.

Requests for copies of this report should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Attention: AFSS-A

Washington, D. C, 20546



NASA CR-54820
AGC 8800-52

TECHNOLOGY REFORT

AERODYNAMIC DESIGN
MODEL IT TURBINE
M~1 FUEL TURBOPUMP ASSEMBLY

Prepared for
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
April 15, 1966

CONTRACT NAS 3-2555

Prepared by Technical Management
AEROJET-GENERAL CORPORATION NASA LEWIZ RESEARCH CENTER
LIQUTD ROCKETS OFPERATION CLEVELAND, OHIO

SACRAMENTC, CALIFORNIA

ATTHOR: T. W. Reynclds TECHNICAL MANAGER: W. W, Wilcox
AYFEOVED: - W. E. Camptell, APPROVED: W, F. Dankhoff
Manager M-1 Project Manager

M=1 Turbopump Froject






TRACT )
ABSTRACT Q p

A two-row Curtis staged turbine was designed as a direct drive for the
M-1 ligquid hydrogen turbopump. The design-point calculated shaft output is

88,150 horsepower at 13,225 rpm. The estimated turbine efficiency is 62.8% at
a velocity ratio of 0.188.

The mean blade diameter is 23.0-in., giving a tip
speed of 1490 ft/sec.
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I SUMMARY

This report describes the aero-thermodynamic design of the Curtis turbine
used Lo drive the liquid hydrogen turbopump for the M-1 engine. At the design
point, the turbine is capable of developing 88,150 horsepower at an estimated
over-all efficiency of 62.8% based upon the ratio of the total inlet pressure at
the nozzles to the static discharge pressure. The losses from the turbine mani-
fold inlet flange to the nozzle inlet are estimated to be 1.6 points of the over-
all efficiency, which reduces the efficiency to 61.2%.

The design point specifications for the turbine are listed in Table 1I.

M-1 LIQUID HYDROGEN PUMP TURBINE DESIGN PARAMETERS

Inlet Total Pressure at Manifold Inlet Flange psia 1020
Inlet Total Pressure at Nozzle Inlet psia 1000
Tnlet Total Temperature at Nozzle Inlet R 1460
Discharge Static Pressure psia 21k
Pressure Ratio, Total to Static -- L.673
Gas Weight Flow Rate lbm/sec 99.33
Speed rem 13,225
Mean Diameter of Blading (at 68°F, O rpm) in. 23.0
Blade Epeed at Mean Diameter ft/sec 1327
Blade-Jet Speed Ratio - 0.188

IL, INTRCODUCTION

Tre pumping system for the liquid propellants used in the M-1 engine con-
sists of two separate turbopumps, each driven by a Curtis turbine. The turbires
are suprlied with hot gas by a gas generator. This hot gas is the combustion
products of the liguid hydrogen and the liquid oxygen. The turbines are arranged
in a series with the gas initially expanded in the fuel turbine and then further
expanded in the oxidizer turbine. The exhaust gas from the oxidizer turbine is
routed through three heat exchangers; one exchanger 1s utilized to heat the
hydrogen for the gimbal actuators, another heats the hydrogen for tank pressuri-
zation, and the third heats the oxygen for tank pressurization. The exhaust gas
is then directed to the lower skirt of the thrust chamber to cool the walls.,
Finally, the gas is ejected through a set of small nozzles which provides an
approximate specific impulse of 260 1bf-sec/lbm (see Figure No. 1),
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The operating cycle of the engine ig initiated by discharging kelium gas
divectly into the fuel turbine inlet manifold. This causes rotation of the fuel
turbopump rotor, and in turn, the oxidizer turbopump rotor, at a speed that is
sufficient to furnish propellants to the gas generator. The gas generator is
ignited at a predetermined pressure, to complete the bootstrapping operation.
Now, both turbines quickly reach operating speeds thus furnishing the fuel and
oxidizer to the thrust chamber injector.

Some of the more significant mechanical design features are shown in
Figure No. 2. The turbine components are fabricated almost entirely of Inconel 718
which 1s an age hardenable nickel-chromium alloy. This material is very ductile
and can easily be welded by the Tungsten Inert Gas (TIG) or electron beam methods.
It also retains a high strength at both cryogenic and elevated temperatures
(-L20 to +1300°F). With Tnconel 718, thin walled housings and narrow flanges can
be used which reduce the thermalsinduced stresses. The mechanical design is
detailed 1z a separste report. )

The two-stage Curtis turbine was specified for use in the M-1 fuel turbopump.
A full scale turbine of this configuration has not been tested under hot-firing
conditions., However, at the NASA Lewis Research Center, by using cold air, actual
experimental performance data for the inlet manifold, turbine nozzles, and the
cornplete two-stage turbine have been obtained with a subscale model. The results
of these tests will be reported separately by the National Aeronautics and Space
Administration,

Tre design and development of this turbine was conducted by the Aerojet-
Gereral Corporation under a contract with the National Aeronautics and Space
Administration.

Jr. M. - E. Vavra, ? consultant from the U. 8. Naval Post-Graduate School
at Monterey, Californis, was responsible for the aerodynamic design of the
unit. The results of his analysis are used extensively in this report. The
aralysis for the velocity distribution of the blade and vane profiles was accom-
plished by the Aerojet-General Corpora%%gn, using the National Aeronautics and
fpace Administration computer program,‘\-

! Reynolds, T. W., The Mechanical Design of a Two-Stage Impulse Turbine for the
Liguid Hydrogen Turbopump of the M-1 Engine, NASA Reyort CR-54821, 22 April
1966 ( Aerojet-General Corporation Report No. 8800-58)-

(2% Vavra, M. H., M-1 Fuel Turbine, Aerodynamic Design, RMR No. 0143,

Aerojet-General Corporation, November 1963.
{3) Stinson, W. D., Turbine Computer Program, NASA-Aerojet Computer Job No. 1009,
Aerojet-General Corporation Memorandum, dated 27 September 1962,
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[

. TURBINE DESIGN

1

A, DESIGN PHILOSOPHY

The fuel turbine for the M-1 engine must accomplish an isentropic
entkslpy Jdrop of 999 BTU/lbmw The peripheral speed zt the mean diameter was
limited to approximately 1350 ft/secn Impulse turblnes are capable of obtaining
operating efficiencies of about 76% without recovery of the leaving velocity head
and about 81% with recovery of the leaving veloclity head. To obtain operating
efficiencies of 76 to 81% with any isentropic enthalpy drop of 999 BTU/lbm would
reguire five to six stages. By comparison, a single stage impulse turbine would
not exceed an efficiency of approximately 49%.

Becazuse an outboard besring was not acceptable in the M-1 turbopump
design, a five-stage turbine was not practical. This results from the large over-
hang with the inboard bearings and the critical speed problems which are a conse-
duernice,

The compromise selected between a multistage impulse turbine which
operates at a high degree of efficiency znd a single stage unit with a low degree
of efficiency is the two-row Curtis turbine, Origirally., Curtis stages were
designed as pure velocity stages where the gas 1s expanded to the discharge preg-
sure in the first nozzle., However, experience has shown that the performance of
the turbine can bte improved by arplying a small amount of reaction in the rotors
and the reversing vanes., These pressure drops accelerate the flows sufficiently
to offget the decelerations from the frictional losses.

The turbine was originally designed with no reaction in the first
rotor, 5% in the reversing row, and 4.3% in the second rotor.

Later in the program, the blades of the first rotor were rotated 2.1
degrees which decreased the flow area from 38.7-in.” to %h.6-in.©. This moved
the zero reaction point from the blade mean line to the root to ensure a positive
reaction at all times. It also ensured a downward thrust from the rotors in the

exhaugt direction at all of the engine operating points.
Appropriate turbine nomenclature is provided as Appendix A,
B, GAS FPROPERTIES
The gas driving the turbine is the combustion product of liguid
hydrogen sand liquid oxygen. The effect of the pressure upoun and Y is neg-

C
lected., Also, C. and ¥ are taken at the inlet temperature of €h60°Ro The gas
properties used are ags follows:
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o/F 0.8 -
c 2,01 BTU/ lbm- °R
Y 1.37 e
r-i 0.27 -
-
?-«Y;I 3.70
R h2l.5 ft-1bf/lom-°R

C. AFRO-THERMODYNAMIC DESIGN

1. Losg Estimates

Two types of loss coefficients are used, one to determine the
energy loss coefficient () from blade inlet to blade exit, the other to estimate
the flow loss coefficient (< a) from blade inlet to blade throat. The energy
losses are used to determine stage and overall efficiencies while the flow losses
are used to size the blade throat areas. The relationship between the two types
of losses is discussed in Appendix B. Both loss coefficients for the nozzle are
shown 1n Figure No. 3 and both loss coefficients for the rotors and the reversing
vanes are shown in Figure No. L4. After-expansion losses are added to the nozzle
and first rotor, both coefficients are corrected for the blade height. The veloc-
1ty coefficients derived from the energy loss coefficients ( &) for the turbine
design point are as follows:

Energy
Loss Coefficient Velocity Coefficient
Nozzle 0.120 0.9380
lst Rotor 0.277 20,8505
Reversing Kow 0.169 - 0.9117
2nd Rotor 0.2135 0,8870

2. Performance

Based upon the loss estimation discussed in Paragraph 1II-C-1
of this report, the thermodynamic calculations of the rotor blades at the mean
diameter were made and are summarized in Table II. From these dats, the expan-
sion process in the form of & temperature-entropy chart is shown as Figure No. 5.
The velocity diagrams for the process are shown as Figure No. 6.
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TABLE IT
FLOW QUANTITIES AT THE TURBINE MEAN DIAMETER (23.0 IN.}

Nozzle Nozzle Rotor I Reversing Rotor II
Parameter Dimension Inlg&j Qutlet OQutlet Vane Outlet gggtlet
Py peia 1000 822.5 337.5 315.6 225.8
L psia - 559.0 -- 262.7 -
P, psia - 250.0 250.0 230.0 21Lk.0
T °R 1460 1460 1226.1 1226.1 1133.4
Top R - 1315.5 - 1167.02 -
T °R .- 1058.5 1130.7 1125.9 1117.6
v ft/sec ~ O 6355.0 3099.5 3173.0 1283
U ft/sec _- 1327 1327 1327 1327
W ft/sec - 5088.5 4310.0 2035.0 2228.0
a degrees == 90 4.5 -61.25 66.0 27,1
B degrees - 70.5 -69.75 50.15 ~59.15
h, inch .o 1.48 1.73 2.24 2.62
Ab inch - 410 .330 . 380 -
M - - 1.433 676 . 694 .282
MR -- - 1,147 ok L5 490
Stage I Stage 11 Total
Lu Btu/lom L0 185 655
i Btu/1lbm L5k 173.5 627.5
¥ % — -_— 62.8
U/Co -- ——— - 0.196
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Loss Coefficients in Rotors and Reversing Vanes
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A total to static efficienc
leskage loss of 3,49 of the gas flow zcross tne first roter, 1.2% across the
reversing row, and a 5.05% loss across the second rotor.

The predicted varistion in turbine efficien
speed over spouting velocity (Um/Co) is shown in Figure No. 7,

D. CASCADE DESIGN

L. Supersonic Nozzle Tesign Counsiderations

As a genersl rule, 1t is of ro advantege to

nstall converging-
diverging rozzles if the theoretical Mach znumber zt the nozzle exit does not exceed
gbout 1.2, or similarly, if the theoretical sreaz ratio of the exit-to-throat is

less than about 1,C2.

vy of £2.8% was cbtsized which included

Becaguge the flow scross the firvst-stage rozsle of this turbine has
a pressure ratlo of four, its theoretical Mach i 575, Therefore, the
nozzles should have divergent-convergent flo* CUorsiderable after-expansionsg
would occur 1if converging nozzles were uzed.t criticsl pressure ratio for
It

an lsentropic expansion isg 1 8(5 This would give
ratio of 4/1.875 or 2.133. sing theovethoL ¢
expansion pressure raztio coxhlped with g% ‘1

the axial direction would cause a flow defLe”Tiuh of wnb d gree \/ This would
reduce the tangential velocity component by approximstely a%, AAdditional lcseses
would ccecur from the entropy increase.

ter expansion pressure
., the above after

For these reasons, converge%tmdivergent nozzles with an ares
ratlo that reguires a slight after-exparsicn to obbzin a presgure ratio of four

gle uf 75 degrees from

are used. With a slight after-expansicn, the nozzle bccove shorter and the fric-

tional losgses are reduced,

it was thought t

supersonic nozzles should rave a straight

chiannel that does not change the directicn of the flow after it leaves the throat

The straight nozzles hsve long, thic walls st the di
stressed.,

chargs woich sre nighly

Tests were made with & nozzlie which
same ares ratio aq the nozzle used for the M-l
discussed in detzil in Appendix C where it is

(L} Howerd, R. E., Jr., The Performance Axia¢ Flow, Turblne
Utilizing Flows in the Transonic Regknr of Se
United States Naval Post Graduate Scrool, Moﬂteva Callforniaﬁ 96)0

> 1 ibid,

E‘
NS
{6) Markov, N. M., Calculatiocn of the Aerodynemic Charscheristi

of Turbine
dge, New Jersey,

Bladirg, Assoclated Technical Services Incorporated, Glen R
Vavra, M, H., op. cit.
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Efficiency of Two-Stage Curtis Turbine versus Um/Co
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Schlieren photograph that no flow separstions nor an excessive boundary layer buildup
occur at a design point pressure ratio of four {Figure No. L of Appendix C). The
effect of after expansion in the nozzles on the exit sngle is clearly shown in
another such photograph (Figure No. 5 of Appendix G).

It is apparent from looking at the nozzle profile (Figure No. 8]
that curved nozzles are considerably stronger than straight nozzles. They do not
have the long thin profiles which can essily be distorted by thermal and force
effects. Curved nozzles alsc have the advantage of being easy to fabricate from
light sheet metal. Therefore, curved nozzles were selected for the M-1 fuel turbine.

2, Blade Profiles and Solidities

It 1s usually advantageous to layout the different cascades with
the smallest discharge angles that are possible, For the reguired discharge flow
area, these angles are limited by the maximum blade heights that can be utilized,
either because of the stress limitations, required overlsps, or the reasonable
divergences of the meridional flow path. The flow path that was adapted represents
a good compromise for = turbine having rotor blades with hub and tip dismeters that
are constant. The blade row heights and their axial positioning are shown in
Figure No. 9.

The first-stage rotor blades have a supersonic relstive velocity
at the inlet. It has been shown through past experience with Curtis stages that
rotor losses are not significantly increased unless the relative Mach number
exceeds l.2. However, the blade profile must have a thin and relatively sharp
(.036-in.) leading edge, and the blade inlet angle must correspond closely with
the gas inlet angle. Ideally, with small incidence angles, a normal shock will
oceur at the rotor inlet., This incr?ases the entropy and decreases the effective
total pressure ahead of the cascadeo'8) The first rotor blade profile ig shown in
Figure No. 10,

The flow in the reversing vanes and the second rotor blades is
gubsonic, Their profiles have leading edges which zre rounded to make them less
sensitive to incidence angle changes., The gas discharge asngles of the first and
second rotor blades and of the reversing vanes are calculsted in accordance witk
the following relstionship. 3

a . A e e o
sin B . = ————=  yhere B _ ¥ i3 the blade angle. To
T2 ¢ - t/sin P S* 2

Y

7
5 ] . . . - ey
this angle, the after-expansion deflectiocn is addedo‘lj’

(8) vavra, M, H., Aero-Thermodynamics and Flew in Turbomschires, John Wiley and
Song, Incorporated, New York City, New York, 196C.
(9) Markov, N. M., op. cit.
(10) Vavra, M. H., Analysis and Design of the Modified 87-5 Turbire, AGIK No. 3
for Aerojet-General Corporstion, April 1962,
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The profiles of the second rotor blades end the reversing vanes
are shown in Figures No. 11 and No. 12.

The solidities of the blading selected for this design and the
number of blades in each cascade are:

Nozzle irst Rotor Reversing Row Second Row
Solidities 1.760 1.496 1.253 1.697
Number of Blades 37 80 67 78

The pitch, chord, and the stagger angle at the mean diameter of
the blade are shown in the blading layout of Figure No. 13.

P Flow Area Calculstions

The determination of the correct flow aresas is the most important
step in the design of an efficient turbine. If these flow areas are wrong, the
pressures downstream of the blade rows will differ from the assumed ones which will
produce digcharge velocities that differ from those used in the velocity diagram.
This will cause the approach velocities of the followiag row of blades to have
fluid angles that deviate from the blade angle design and this will reduce the
performance of the turbine. Experience has shown that turbines usually have flow
areas which are too large.

It is sometimes customary in the designing of turbines to intro-
duce velocity coefficients that relate the sctual discharge velocity of a row of
blades to the isentropic velocity of the expansion process. Tuaese velocity
coefficlents are obtained by summing all of the losses that occur in the cascade.
The coefficients include: the profile losses, the secondary losses, the mixing
losges from flow wakes and trailing edges, the end losses, and the carryover loss
from the exit of the flow from the preceding row of blades to the cascade under
consideration. These velocity coefficients are slso used to estsblish the density
of the discharge gas by taking a loss coefficient of 1 - {the velocity coefficieat}ﬁ
fcr the total-to-static expansion process, The flow ares ig thea determined frem
the density of the discharge gas which was derived snd the velocity obtained by
using the over-all velocity coefficient.

A a1y 4
Ir the opinicn of M, H. Vavraﬂ\ / tre losses from the cascade
inlet-to-the~throat area st the casgcade exit are considerszbly less than the losges
obtained from using the over-sll velocity coefficient of the cascade.

(11} Vavra, M, H., Aero-Thermodynamics and Flow in Turbomschines, John Wiley and
Sons Incorporated, New York City, New York, 1960.
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The flow areas of the M-l fuel turbine were calculated by the
method shown in Appendix B. The eguivalent loss coefficient for the nozzle is
shown in Figure No. 3. The loss coefficients for the rotors and reversing vanes
are shown in Figure No. 4. These are used in a polytroric expansgion process., A
dimensionless flow function ¢*, then is obtained which is defined by the equatlon

{

0T , : 2/n 5~ | otl/n 1/2

K = e r (R _J2Y Pa 5 s
¢ - Ep A g ) P P

where the polytropic exponent n is

o

=]
[os]

and where Pp and T, represent the total pressure and the total temperature at the
turbine nozzle entrance, and PS is the static pressure at the nozzle exit.

The blade heilghts are corrected by the fasctors shown in Figure No.
The results of these calculations are shown in Table III.

L.  Leakage Flow Calculations

The leakage flow through the axial c}easances between the shrouds
is calculated with a method developed by F. Salzmann. This particular method
is based upon theoretical findings that have been supported by model tests.

Different methods must be applied to determine the leakage between
the nozzle and the first rotor than those used to determine the leakage between tke

first rotor and the reversing vanes (See Figure No. 15)., For the leskage conditions

shown in Figure No. 15a and the theoretical degrec of resction \R ) of the stage,
the ratio of the axial through flow velocity (V ,n and the ve1001ty (V* of the
leaksge flow at the clearance gap (Ka) are rela%ed bty the folliowing equation:

. I * 2] , KD
o 1= |1~ he/r cot @.1 a \le/V )
%l : *42

1+ [1 Y /r 1 cot? a, (v, /V)

This equation is also used to determine the leakage around the shroud of the second
rotor.

(12) Salgzmann, F., Veber Spaltverluste bei Dampf-Turbinenbes Chenfelungen,
Escher-Wyss Mitteibugen, Volume III, No. L/5, 1935,
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¢ to Throst
¢* to Discharge
Ca to Throat

ia to Discharge
Throat Ares
Number of Blades

Throat Width

Blade Height, h

TABIE ITI

DETERMINATION OF THROAT AREAS AND BLATE HEIGHTS*

Reversing
Nezzle gotor I ~ Vanes
1460 1215.5 1226.1
1000 556 337.5
267 305 230
0.6594 e S
0.5280 0.6066 0.6053
0.0435 o i
0.0785 0.1575 C.1009
20,91 38, 7%% 61.83
37 80 67
0.3819 0.,280%# O.h12
1.480 1.730 2.240

* TDimensions are for components at 68°F and zero rpm.

Rotor II

1167.0
262,77

21k

00,5090

0.1130
91.96
78

0.450

2,620

*% Rotating the first rotor blading by 2.l-degrews resuited 1n s throat width
of C.250-in, and a throat area of 3L.6-in.=,
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Figure 15. Symbols and Conditions for Leakage Flow Calculations
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To determine the leakage across the irnrer shroud of the reversing
vanes, Flgure 15t is used with the following equation:

. %, 2 ],
1+ [hz/xo cot”™ a, -1 | [V

1+ I:l + hg/rO] cot” a, (vﬁg/v }

The degree of reaction (Rx1) is the ratio of the static isentropic
enthalpy drop in the rotor and the total to ztstic isentrogic enthalpy drop of the
whole stage.

The degree of reaction (Rxg) is the ratic of the static isentropic
enthalpy drops in the reversing vanes ard that from the totsl Tressure ahead of and
the static pressure downstream of the reversing vsneg.

After le/V% and V E/Vw are determired from the preceeding equa-
tions, the leakage flow coefficients ( §ﬁ> can be determined using Figure 16 for
the different ratics of ka/hl and hg/hlo Dependirg or the sesling arrangement, =
certain lesksge restriction factor (k. is applied to cttaizn the actual leakage
flow. For this spplication, the leakﬁge restricticn fucter between rnozzles and
the first rotor is taken as 0.85, for the reverging vares inrer shroud the factor
ig C.75, and for the second rotor a factor of G.95,

The actual power output of the turbine becomes

HP = (1 - ¢ P+ (L« L5 - 45 % HY
HP (1 nﬁLl) HP,. + (1 - & 5 C 1) HE..

|

where Hrp and HPyr are the power outputs of the “irst snd second rotors. The
results of the leskage flow calculations are summsrized in Tsble TV. The leaksge
flow coefficients sre shown on Figure No., 16.

5. Velocity Distribution on Blade Frofi.

rao
The National Aeronsutics and Space Administrstion computer programklj/
imste the velocity distribution on the 1 The degree of
sceuracy which can be achieved with thig method dererds coursey of the
corputer input data. It 1s difficult to estimste tre efrective crarnel at the inlet
to the blades. As a result dashed lines are used *¢ =how hhe rrobuble values of
velocity distribution during the first few percentages of ¢ blade width,

was used to est

{1%) Stirvson, W. D., Turbine Computer trogram, NASA-lerojet Computer Job No. 1009,
Aerojet-General Corporation Memworandum, dated 27 September 1962,




Parasmeter

h

Ex

* *
v,/ endfor V. /v

CiL (Figure 1k4)

KL

»
L KL

TABLE IV

SUMMARY OF LEAKAGE FIOW CALCULATIONS

Reversing
Rotor 1 Vanes Rotor 2
1.480 1.730 2.240
1.650 1.820 2.390
15.0° 28,75° oL, 0°
0.12 0.125 0.135
C,081 0,073 0,061
0 0.209 0.149
0.596 0.778 0.487
L, 0% 1.5% 5, 6%
0.85 0.75 0.90
3.4% 1.2% 5.05%

Symbols are the same as those used in Figure No,
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0 0.1 0.2 0.3
ka/hl
Figure 16, Leakage Flow Coefficients
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The design point velocity distributions are shown in the following

figures:
Nozzle Figure No. 17
First Rotor Figure No. 18
Reversing Row Figure No., 19
Second Rotor Figure No. 20

The nozzle velocity distribution shown in Figure 17 indicates that
the selected profile is adequate.

The velocity distribution of the first rotor blades is shown in
Figure 18. Considerable diffusion is apparent, particularly at the root and mean

pressure surface. The profile seems to be satisfactory.

The second stator or reversing row velocity distribution as shown
by Figure 19 indicates that the profile is satisfactory.

The velocity distribution of the second rotor (Figure 20) looks
very satisfactory.
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Twoesl Speed of

2]

Ny

* Critical creed

Ares In

k Axigl Rlade Widtr Irich
AN o) Axizl Tistance Betweoen Blade Fows Inch

c Blade Crord inch

C Isentropic Veloaity, O o2gd iR Pt/iec

L Srecific Hest at Constant Fressura Btu/lic-F

G Sfrecific E a2t Gorsthast Volure Bt/ b

g Accelersticrn Due to Gravity (22,17
& Blade Height Treh
= Specific Total Eothalyy

i Incidence Legren:

g
Fv T /Buu

sl Bguivalent of Hest [775.2

vy Coefficient, W, /W
k Axi=sl Clearance Tror,

k Height Correctiorn FPactor e

k.. eaksge Correctlion Factor

I. srecific Work in Rladirng Fto/ Tom
e Specific Internal Work Bta/ b

M A solute Machk Nunmber PR

Logs Aw



SYMBOL

My

.

DESCRIFTION
Mach Number Relative to Rotor Blade

Mass Flow

Exporent of Power Profile of Boundary Layer

Polytropic Exponent

Rotational Speed

Static Pressure

Total Pressure

Total Pressure Relative to Rotor Blade
V2

Dynamic Head, 1/2 %ZZ;

Gas Constant

Radius

Togv L ,)_\(T
Degree of Reaction: Rx = T” T -
‘ Tl she

Blade Pitch

Maximum Blade Thickness

Trailing Edge Thickness

Total Temperature

Static Temperature

Total Temperature Relative to Rotor Rlade
Wheel Speed

Velocity in Boundsary Layer

Abgolute Velocity

Velocity Relative to Rotor

Distance in Boundary Layer

Angle Betweesn Axial Direction and Atsolute Gas

Velocity

Page A=2

UNITS
Lbm/Sec

Tsi

Lbf-Ft
Lbm- °R

Inch

Inch
Inch
Inch
‘R
°R

°R
Ft/Sec
Ft/Sec
Ft/Sec
Ft/Sec
Inch

Degrees



SYMBOL, DESCRIFTION UNITS

ﬂ Angle Between Axial Directicn and Relative Gas Degrees
Velocity

I Blade Angle Degrees
Gas fpecific Heat Ratio, Cp/Cv e

A Boundsry lLayer Thickness Inch

o * Lisplacement Thickress of Boundary Leyer Inch

B oKEX Energy Thickness of Boundary Layer Inch

A FPrefix to Indicate Change ——

o loss Coefficient for Efficiency R

4 o Loss Coefficient for Ares Calculation e

g Leskage Loss

Z Stagger Angle Legrees

7 Turbine Efficiency Based on Totszl to Ststic %
Pressure Ratio

1y Internal Efficiency, Total to Static %
6 Tamber Angle Tegrees

A Work-3peed Parameter = Ui/gJi&H S
ity Retio = U /C S
Velocity katio Jﬁ/CO
. . 24
o /g Specific Mass Ib-Sec FtLf
2
Specific Weight or Deunsity Lb/Ft“

Blade Solidity = c/s v

kadisgl Tip Clearance Iinch
g Restriction Factor M
@ Blade Angle from Axisl Direction Degreas
P ¥ Flow Function S

Angular Velocity Rad/Sec

Page A=3



“{Hyphen)

SUBSCRIPTS

Inlet to Stator
Outlet of Stator
Inlet to Rotor
Outlet of Rotor
Design Point

Blade or Throat Discharge
At Blade Root
Internal

At Mean Blade Height
Relative

Static

At Blade Tip
Tangential Componernt

Axigl Component

Superscripts

For Tempersture or Enthalpy, Means

Page A=l
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DEFINITIONS

Camber ILine Locus of the Centers of Circles Tescribed Ingide the Blade
Contour
Camber Angle, 0 The Angle Between Tangents to the Camber Line in Leading

Edge and Trailing Edge

Chord Line : Line Connecting the ILeading Edge and the Trailing Edge of
the Camberline

Chord, c Linear Distance in Inchesg Between lLeading Edge, and Trailing
Edge

Blade Inlet Angle The Angle Between the Tangent of the Csmberline in its

Leading Edge and the Turbine Axis

Blade Outlet Angle The Angle Between the Tangent of the Camterline in its
Trailing Edge and the Turbine Axis

Stagger Angle, Z The Angle Retweeu the Chord ILine and the Turbine Axis
Incidence, 1 The Angle Between the Tangent of the Camberline in its

Lezding Edge and the Direction of the Undisturbed Flow
Upstream of the Blade

Deviation, d The 4Angle Between the Tangent of the Camberline in its
Trailing Edge and the Direction of the Alrflow Downstream
of the Blade

Fitch, ¢ Distance Between Corresponding roints on Adjacent Blades
Solidity, Chord/Pitch
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STATOR

FIGURE A-l

BLADE NOMENCLATURE AND SIGN CONVENTION
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AFrENZTY B

BOUNDARY LAYEE EFCESL ON

FLOW RATES THROUGE







BOUNDARY LAYER EFFECT ON FLOW RATES THROUGH CASCADES(I)

I. ESTABLISHMENT OF THE FLOW AREA TOSE COEFFICIENT

An investigation of the boundary layer conditions at the throat was used
to determine the throat areas for the M-l turtine. The displacement thickness of
the throat boundary layers can be related to the profile losses which, in turn,
depend upon the energy thickness of the boundary layer. Compressgibility effects
in the boundary layer can also be accounted for by the change in density ( p).

It is then possible to establish an equivalent loss coefficient for the area cal-
culation which csn e uged in a polytropic expansion process.

IT. IASS FIOW RATE AT DISCHARGE

Figure B-1 of thig Appendix shows the flow conditions that occur at the
discharge of a cascade in relationship to the boundary layers that have been
formed on both sides of the profiles. With non-separated flows, the velocity
outside the boundary layers is essentiglly egual tc the theoretical velocity
{(Vtn) obtained by an isentropic expansion from the total inlet pressure (PTO) to
the static dlscharge pressure (Pgd} at the discharge of the cascade. Assumlng a
constant discharge pressure (Pgq) and constant flow angles at the discharge, the
mass flow rate {R) for each unit of blade height cen be determined with the
eguation (using the symbols of Figure B-1)

r

- O )
=gy Ve | 8- (85 %8,) ‘ +ZJ “ew,

O

Where the sum indicates that the integral has toc be tsken for both boundary layers,
with the gymbol N being equal to y/5 , the eguation becomes

. 5 /. " ow P Y /
foep W, oa |1 “‘Z z (1 - J v 4T o B{1)
th "th L a o Ven Piy

With p::p/RT, and since the static pressure ig assumed to be constant in the
throat section, the following relationship occurs {using the symbols of the
nomenclature in this Appendix):

N

T, . 1l -X

. - b e ’ B(2)
P T Ty (- 2
th 1 xe(u/vth)
e ‘ “sd v-1
where Z, =1 - (Trfj v B(3)
Ti :

{1}
Y Wavra, M. H., M-1 Fuel Turbine Aerodynsmic Desigr, TMa Mo, 01@39

Aerojet-General Corporation, Novemper 1963
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For the turbulent boundary layers in turbomachines, the velocity distribu-
tion u/V,, will have the form

u vV \ )

Ly =4, B(%)
Vin o
where X is a constant.

Introducing equations B(2) and B(4) into equation B(l) results in

=Py Ve 2 {1“ Z%Ll“(l“xe) J nq 2X d‘q_]f“ B(5)

o} 1 - fe

™~ 1 2%

> an |, and it follows B(6)

6 1-% 1% ‘
e

that equation B(5) can then be expressed by
— 1) — ?"}* ] ~
] = pth Vth ay = pth Vth a [l - — B(()

(=8

T
¥ 1s the restriction factor and is equal to 1 - 24 Egm

IIT. ENERGY LOSSES DUE TO BOUNDARY LAYERS

Using the symbols of Figure B-1 of this appendix, the total kinetic energy
(KE) available at the cascade exit for each unit of blade height is

" [ ™1 'th g v
o r. o
E=rnVon L4 %) 337 * L J U zpy W

Using the equations B(2) and B(4), KE is equal to

v . L 1
_th Vb [ ‘ *
Pon Ven & 37 { L '2, a L- (1 -%) JO

e
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The so-called energy thickness (b ¥¥¥) of the boundary layers on both
sides of a profile will be defined by

- 1 3X ~
& XEX = 2_‘ o) [l - (1 - Xe) JO ;‘__’__}Eﬂqé—_}f dq j ° B(lO)
' e

Therefore, equation B(9) can be rewritten as

KE Vih (1 Oxxx (11
A Pin 2gJ S S ). B(11)

It is customary in turbine analyses to introduce the average discharge
velocity (Vd) for the calculation of the efficiency of a cascade. The actual
kinetic energy of the flow after the cascade is then

VE

d. . 9 e o
KE = ﬁ.EEE‘ where m is the actual flow rate passing through a blade
channel. By using eguation B(7) to replace fi, KE becomes

2
Vv
T3 . . o .
KE =p o Vipa @ 57 Equating this expression with Equation B(11l) and

using equation B(8)

P z O %%
V., 1 -
=4 a

\ TR eE
th’l 1 WZ ox_
a

= 1-C, B(12)

where £ 1is the usually applied energy loss coefficient for the calculations of
a cascade.,

v, REZATIONSHTP BETWEEN FLOW RESTRICTION FACTOR AND LOSS COEFFICIENT(Z)

BXHK

5% B(13)

TET F¥s¥ =

For the definite value of Y and exponent X, the fzctor H¥%¥¥ can be deter-
mined as a function of the pressure ratio (PTi/Psd) of the cascade. According

to N. M. Markov'® an exponent X of 0.15, represents a good average value for the
turbulent boundary layers in turbine cascades at moderate Reynolds numbers.

(2) Markov, N. M., Calculation of the Aerodynamic Characteristics of Turbine Bladipg,
Associated Technical Services Incorporated, Glen Ridge., New Jersey, 1958
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Figure B-2 of this appendix shows the values of H¥** for a ¥y of 1,37 and an X of
0.15 for the various pressure ratios. These data are obtained by expressing the

integrands of equations B(6) and B(10) by binominal series, and then integrating

them by parts.

The restriction factor ¢ of equation B(8) can now be expressed by the
energy loss coefficient ¥ as

- Sx e L 1
“*)*l“’ZT T WX -1+ ¢ B(21)

For critical pressure ratios with a vy of 1.37, the value of H¥¥¥ ig 2.0h5,
Therefore

o _ 1.045 <
T s R W IR B(15)

The values of @c for different loss coefficients are

¢ = 0 0.05 0.10 0.15 0.20
@C = 1,0 0.954 0.912 0.874 0.839
v, FIOW AREA CALCULATIONS WITH POLYTROPIC PROCESS

It is often convenient to calculate the flow areas of a turbine by the
equation

#(1,R)"2 p, 2/ p, 0L/n 2
p - e - AL - D [ B(16)
Py A(g)™ L T T A
where the polytropic exponent n = 7 +_éfa (v Iy - B{17)

It must now be determined what loss coefficients should be introduced in
equation B(17) to obtain flow rates through the particular areas that correspond
with those obtained from equation B(7). Denoting the flow function of equation
B(16) for friction-less expansion by ¢ %, and that for a particular loss
coefficient ¥ N by # ¥, the result must be

*

o¥ =9 ¢-*

O
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M. H. Vavra has established a compuber program that calculates the flow
functions (¢ ) of equation B(16) for various values of Yy and pressure ratios.
The program accounts for the effects of reheat. In other words, the polytropic
loss coefficients that are introduced in equation B(17) are changed until the
over-all loss coefficients with reheat correspond to the values for which ¢*
is to be obtained. Using these tables for the critical pressure ratio with 7y
of 1.37, the following relation is obtained between the coefficients ¢ for
energy loss and the coefficients Z a for area calculations:

r = 0 0.05 0,10 0.15 0,20

v = 0 0,067 0.113 0,184 0.237
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NOMENCLATURE FOR APPENDIX B

SYMBOL UNITS
A Area inog
a Throat Width in.
Cp Specific heat at constant pressure btu/lbm-oR
g Acceleration due to gravity ft/se02
H#xx® Erergy factor of boundary layer -
J Mechanical equivalent of heat £t-1b/btu
f Mass flew rate b /sec
n Polytropic exponent = T gfa( v -
PT Total absolute pressure psia
PS Static absolute pressure psia
R Gas constant ft/,lb/lbm_°R
s Spacing of blades in,
T Static temperature R
TT Total temperature °R
u Velocity in boundary layer ft/sec
v Absolute velocity ft/sec
X Constagt l;l;i —
X, 1 - =5§-§) T -
Ti
N Distsnce in boundary layer in,
¥ Ratio of specific heats Cp/Cv -
& Leakage Gap in.
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SYMBOL

o

LY

S S 8 ©

K6 ¥

UNITS
Displacement thickness of boundary layer in,
Energy thickness of boundary layer in.
Loss coefficient for efficiency o
Loss coefficient for area calculations -
Length ratio -
Turbine efficiency -
Mass density lbm/ft3

Flow function ————

Restriction factor ——

Restriction factor for critical pressure ratio e

Refers

Refers

Refers

Refers

Refers

refers

Refers

refers

to

to

to

to

to

to

to

to

SUBSCRIPTS
inlet conditions
station after stator
station after rotor
inlet
discharge
isentropic conditions
mean diameter

theoretical conditions
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FIG. B-IA FLOW CONDITION AT CASCADE
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TESTS OF THE CURVED SUPERSONIC NOZZLE

During the preliminary design phase of the M-l fuel turbine, tests could
not be made with a full scale cascade of the nozzles for the first stage.

To,prove the theoretical performance of the curved supersonic nozzle,
Dr. Vavrall) conducted tests with a full-size single nozzle in a small bilow-down
tunnel at the United States Naval Postgraduate School in Monterey, California.

Because of the small size of the tunnel, only the discharge portion of the
nozzle could be tested. Figure C-1 of this appendix shows the configuration of
the nozzle which was tested. It should be noted that the dimensions correspond
to the actual nozzle profile of Figure 6 in Section III of this report. The
approach section is 2.5-in. by 1.0-in., hence the flow is accelerated from an
ares of 295~in02 at the inlet to 0.38-in.2 at the throat. The modified inlet
section of the test nozzle should not influence the flow either ahead of or
downstream of the throat.

Figures C-2 through C-5 of this appendix show Schlieren photographs at
pressure ratios of 2,02, 3°OM, 4,07 and 5.08, respectively. The flow pattern
shown in Figure C-4 of the subject photographs is similar to the conditions that
occur at the degign point of the M-1 fuel turbine. It is apparent that the
nozzle operstes without separationsg and that it does not exhibit an excessive
boundary layer growth., The 15.5 degree angle of the flow as it leaves the con-
cave gide of the nozzle is the same angle as that found through the theoretical
conslderations.

In Figure C-5 of this appendix it should be noted that after-expansions
are agsoclated with flow deflections. This is evident from the measured flow
angle and the large fans of expansion and compression waves. At a pressure
ratio of 2.02, as shown in Figure C-2 of this appendix, the normal shock pattern
occurs at the nozzle exit. When the pressure ratio is increased to 3.04, as
shown in Figure C-3 of this appendix, the shock patterrn moves downstream of the
exit.

These tests have shown that the curved divergent-convergent nozzles
perform according to theoretical predicticns, and that, for the pressure ratio
required, they are superior to a convergent rozzle with large after-expansions.

(1)} Vavra, M. H., M-l FPuel Turbine, Aerodynamic Design, RMR No. 0143,
Aerojet-General Corporation, November 1963
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SCHLIEREN PHOTOGRAPH OF NOZZLE TEST

AT PROPULSION LABORATORY, USNPGS,
MONTEREY, CALTFORNTA

INLET PRESSURE = 15 psig
PRESSURE RATIO = 2,02

FIGURE Cw2
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BMR . 0143

SOHLIREN PHOTOGRAPH OF NOZZLE TESTS
AT PROPULSTON LABORATORY, USNPGS,

INLET PRESSURE = 30 psig
PRESSURE RATIO = 3,0k

FIGURE C-3
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SCHLTEREN PHOTOGRAPH OF NOZZLE TEST
AT PROPULSION LABORATORY, USNPGS,

MONTEREY, CALIFORNIA

INLET PRESSURE = }j5 psig
PRESSURE RATIO = 4,07

FIGURE Cel
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RMR # 0143

SCHLTEREN PHOTOGRAPH OF NOZZLE TEST
AT PROPULSION LABORATORY, USNPGS,
MONTEREY, CALIFORNIA

INLET PRESSURE = 60 psig
PRESSURE RATIO = 5,08

FIGURE Ca5
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